A 3-week-old boy was diagnosed with congenital osteopetrosis. He underwent a bone marrow transplant at 6 weeks of age. At 3 years of age the primary teeth had all erupted, but the canines and the first molars totally lacked root development. The teeth were smaller in size and had evidence of both enamel hypomineralization and hypoplasia. In the permanent dentition, multiple missing teeth were found. The incisors were conical and the mandibular laterals were extremely small. All permanent teeth had normal eruption. This case shows that dental development and eruption of teeth can be reconstituted in a child with congenital osteopetrosis. Bone marrow transplantation induces normalization of osteoclast function, which is a prerequisite for normal dental development and eruption of teeth. Bone Marrow Transplantation (2002) 29, 537-540. DOI: 10.1038/sj/bmt/1703416 Keywords: child; dental; eruption; osteopetrosis; bone marrow transplantation Infantile malignant osteopetrosis is a rare autosomal-recessive disorder characterized by dense, sclerotic, fragile, radioopaque bones and associated hematological and neurological abnormalities.
reported complications. Most patients fail to grow and death occurs at an early age, as a result of severe chronic anemia, bleeding and/or infections. 3 The development of the dentition is severely disturbed in children with osteopetrosis. Dental findings include delayed tooth eruption and impaction, aplasia, unerupted and malformed teeth, enamel hypoplasia and early tooth loss. Osteomyelitis in the mandibular bone is also a common finding. [4] [5] [6] Since 1976, allogeneic bone marrow transplantation (BMT) has been applied successfully for the treatment of infantile malignant osteopetrosis. [7] [8] [9] In a retrospective analysis of 69 children with osteopetrosis, who received BMT in the period between 1976 and 1994, the probability of 5-year survival with osteoclast function was 79% for HLA-matched sibling transplants. 10 With regard to dental development after BMT, Droz-Desprez et al 11 reported that BMT did not induce any further dental development in a 7-year-old boy.
Here, we describe the development of the primary and permanent dentition after successful BMT at the age of 6 weeks in a child with congenital osteopetrosis.
Medical history
This male baby was born in 1988 after an uncomplicated pregnancy and delivery as the first child of healthy nonconsanguineous parents. At the age of 3 days, a marked ridge along the sagittal cranial suture was observed and Xray of skull, thorax and extremities revealed osteopetrosis. A bone biopsy revealed the presence of osteoclasts in normal numbers. At 6 weeks of age he underwent bone marrow transplantation after conditioning with busulfan 5 mg/kg for 4 days followed by cyclophosphamide 50 mg/kg for 4 days. The haploidentical mother was the donor and the marrow was T cell depleted using monoclonal antibodies and human serum as a complement source; Campath1M was generously provided by H Waldmann and G Hale, Dept of Pathology, Oxford University, UK.
The marrow failed to engraft and he was re-transplanted using T cell-depleted marrow from the same donor. This time he was conditioned with methylprednisolone, antithymocyte globulin and 2 days of cyclophophamide, 50 mg/kg/day. Engraftment was slow, with neutrophil granulo-Bone Marrow Transplantation cytes Ͼ0.5 × 10 9 /l day +31. He was discharged from the hospital 6 weeks after the second transplant in good condition. The first evidence of diminished bone sclerosis was seen 3 months post transplant and an X-ray at 1 year after the second transplant showed normal bone structure.
Dental history

Primary dentition
At the age of 3 the boy was referred to the specialist pediatric dentistry clinic at the Sahlgrenska University Hospital in Mölndal because of multiple carious lesions in the primary dentition. The eruption of his primary dentition was reported to be within normal range. He was diagnosed with carious lesions extending into the dentine in all primary first molars and upper incisors. Disturbances in enamel mineralization were also evident; the crowns of the primary teeth had an atypical form, and were smaller than normal with increased narrowing in the cervical area. The incisor roots were short and v-shaped ( Figure 1 ). Roots were missing from the canines and first molars. The roots of the second molars were thin, with poor radiological contrast and no pulp chambers could be seen ( Figure 2 ).
He was treated under general anesthesia. Ten primary teeth were extracted and three teeth were restored due to severe caries and disintegration. The primary molars exhib- ited increased mobility due to the poor root development. After the treatment, dental check-ups were performed every third month comprising oral hygiene instructions and fluoride varnish application. Figure 3 shows a panoramic radiograph at 8 years of age. The first permanent molars are fully erupted with normal root anatomy. The permanent incisors erupting are all conical shaped and are smaller than normal. The trabecular pattern of the jaws, especially that of the mandible, appears to be more lace-like and finer than normal, which is probably a consequence of missing teeth. As can be seen in Figure 4 , the permanent dentition, all premolars, except 25, all canines and the maxillary laterals are missing. No signs of the third molars can be seen on radiographs. The permanent incisors have small conical crowns and small thin vshaped roots (Figure 4) . The first molars all have small crowns with areas of both hypomineralisation and hypoplasia. Preventive fissure sealings and fillings of hypoplastic lesions with glass ionomers were performed soon after eruption of these teeth. The roots have a normal anatomy. The second molars are normally mineralized, are normal in size but have an atypical crown formation. The eruption of the permanent molars was earlier than normal, the first molars erupting at 4 years of age and the second molars at 9 years of age. No third molars are visible.
Permanent dentition
The prophylactic treatment has successfully prevented caries development in the permanent dentition. The maxillary incisors have been remodeled using composite resin and the laterals have been replaced by teeth on an orthodontic appliance. The treatment plan for beyond the pubertal growth spurt is to align and position teeth allowing for replacement using titanium implants.
Discussion
This case shows for the first time that BMT at a young age can allow eruption of primary teeth as well as restoring dental development and allowing eruption of permanent teeth. Differentiation and mineralization of the tooth crown starts from the tips and proceeds cervically, and after reaching the future dentine-enamel junction, root development starts. Mineralization of the primary teeth starts at 14-18 weeks in utero. Root formation of the primary teeth is complete at 1.5-3 years. Mineralization of the permanent teeth starts at birth with the first molars. The incisors and canines start their mineralization during the first year of life, and the premolars and second molars between the second and third year of life. 12 In the present case tooth development was obviously impaired after birth but was restored after successful BMT. All the primary teeth erupted, although the canines and first primary molars lacked root development. In the permanent dentition, all the teeth present erupted, but several teeth were missing, including the maxillary laterals and all premolars except one. According to Friede et al, 13 aplasia is due to progressive inadequacy in the supply of nutrients to the developing tooth germ caused by increased bone density.
A study of the mandible from a 10-year-old child with osteopetrosis at autopsy, revealed areas of ankylosis at the dentine-bone interface of unerupted teeth, suggesting that the failure of eruption is not only due to mechanical obstruction alone but also to ankylosis. 5 In a study of a boy who was 7 years of age at BMT, eruption of impacted teeth
Bone Marrow Transplantation could not be restored. Histologically, the authors found evidence of a missing periodontal ligament, no collagen fibers and bone directly adjacent to the cement of the root.
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Early bone marrow transplantation is the only curative treatment for congenital osteopetrosis. [7] [8] [9] [10] Evidence of engraftment with correction of anemia, thrombocytopenia and leukoerythroblastosis is usually found within 12 weeks. After transplantation bone surveys reveal progressive bony remodeling, complete healing of rachitic changes and new non-sclerotic bone formation. The medullary cavities are filled with normal hematopoietic precursors and the number of osteoclasts is no longer increased. Those present are generally found in deep Howship's lacunae indicating active bone resorption. 7 Severe dental disturbances are described in all cases of congenital ostoepetrosis reported in the literature not treated with BMT [4] [5] [6] or treated with BMT at older ages.
The main findings of these studies are aplasia, non-eruption of teeth and poor dental development particularly of the roots. Studies in osteopetrotic mice, rats and rabbits have pointed to possible etiologic factors. Using the mi/mi osteopetrotic mouse, Symons et al 14, 15 proposed that the presence of bone around the developing crown, an osseous rim, locks the unerupted tooth, preventing it from entering the mouth. They also found evidence of ankylosis and poor root formation, which may also contribute to the failure of tooth eruption. All teeth in these mice were found to be smaller, which may be related to the failure of the surrounding tissues to accommodate tooth growth and expansion. In studies of the osteopetrotic (os) rabbit it was concluded that ankylosis, probably secondary to the aberrant bone resorption, appears to be the major cause of dental abnormalities. It was also found that the abnormalities were less severe in the youngest, most posterior molars. 16 Experiments with bone marrow transplantation of osteopetrotic rats (op/op) have shown that BMT on the third day of life restored eruption of the molars although this was delayed, of the molars while eruption of the continuously growing incisors was not restored. Atypical root shapes, mainly of the first molars, could be the result of as yet unresorbed bone trabeculae or of previous partial destruction of the Hertwig's root sheath. 17 Whether these experimental findings also hold true for human malignant osteopetrosis, where the pathogenesis of the disease has remained elusive until recently, is unknown. The description of defects in a gene encoding the a3 subunit of a human osteoclast-specific proton pump in about half the children with malignant osteopetrosis paves the way for pathogenetic studies. 18 The permanent teeth of this patient exhibit an atypical form, conical shape, particularly the maxillary incisors and mandibular lateral incisors. This is a consistent finding in patients with osteopetrosis. [4] [5] [6] Also, the size of the teeth, particularly the anterior teeth, is smaller than normal. This may be related to an inadequate supply of nutrients. Also, eruption of the permanent molars was earlier than normal.
Initially, the child was referred for extensive carious lesions requiring extractions and restorative therapy. As described in previous cases, 6 ,11 the widespread and early caries was related to lack of fluoride use and inadequate dental hygiene. As is the case with children of very low birth weight, hypoplasia may also result in an increased risk of caries. 6, 11, 19 In conclusion, this case shows that eruption of teeth can be reconstituted in a child with congenital osteopetrosis. Bone marrow transplantation induces normalization of osteoclast function, allowing normal bone homeostasis to be established which is a prerequisite for normal dental development and eruption of teeth.
